The alternative oxidase (AOX) of plant mitochondria transfers electrons from the ubiquinone pool to oxygen without energy conservation. AOX can use reductant in excess of cytochrome pathway capacity, preventing reactive oxygen species (ROS) formation from an over-reduced ubiquinone pool, and thus may be involved in acclimation to oxidative stresses. The AOX connection with mitochondrial ROS has been investigated only in isolated mitochondria and suspension culture cells. To study ROS and AOX in whole plants, transformed lines of Arabidopsis (Arabidopsis thaliana) were generated: AtAOX1a overexpressors, AtAOX1a anti-sense plants, and overexpressors of a mutated, constitutively active AtAOX1a. In the presence of KCN, leaf tissue of either mutant or wild-type AOX overexpressors showed no increase in oxidative damage, whereas antisense lines had levels of damage greater than those observed for untransformed leaves. Similarly, ROS production increased markedly in anti-sense and untransformed, but not overexpressor, roots with KCN treatment. Thus, AOX functions in leaves and roots, as in suspension cells, to ameliorate ROS production when the cytochrome pathway is chemically inhibited. However, in contrast with suspension culture cells, no changes in leaf transcript levels of selected electron transport components or oxidative stress-related enzymes were detected under nonlimiting growth conditions, regardless of transformation type. Further, a microarray study using an anti-sense line showed AOX influences outside mitochondria, particularly in chloroplasts and on several carbon metabolism pathways. These results illustrate the value of expanding AOX transformant studies to whole tissues.
The cyanide-resistant alternative oxidase (AOX) of plant mitochondria accepts electrons from the ubiquinone (UQ) pool and uses them to reduce oxygen to water, with no conservation of energy through proton gradient formation. AOX can compete with the energyconserving cytochrome (Cyt) pathway for reductant (Millenaar and Lambers, 2003; Finnegan et al., 2004) , and in vivo studies using oxygen isotope fractionation indicate that AOX is nearly always active (Robinson et al., 1995) . This situation raises the question of why an apparently energy-wasteful pathway operates in plant mitochondria.
Because AOX can use reductant in excess of either the Cyt pathway capacity or the rate of ATP use, AOX may act to reduce formation of reactive oxygen species (ROS; Purvis and Shewfeldt, 1993; Millar et al., 2001a; Mittler, 2002) . Over-reduction of the mitochondrial UQ pool is an important source of cellular ROS (Møller, 2001) , and AOX, unrestricted by proton gradient size, can prevent such over-reduction. AOX function in this respect has been demonstrated in culture cells and isolated mitochondria. Tobacco (Nicotiana tabacum) culture cells anti-sense for AOX produce more ROS than wild-type cells, while AOX-overexpressing cells produce less (Maxwell et al., 1999) . In isolated mitochondria, ROS production decreases when AOX is activated by a-keto acids (Pastore et al., 2001; Purvis, 2001) , and exogenous ROS induce production of AOX transcript and/or protein, as first demonstrated in the yeast Pichia anomala (Minagawa et al., 1992) . These findings point to ROS as a common element in the signaling pathways that induce AOX synthesis .
However, whether decreasing mitochondrial ROS formation is an important AOX function in intact plants has yet to be demonstrated. AOX activity stabilizes the reduction state of the UQ pool in intact roots when the Cyt pathway is partially inhibited by KCN (Millenaar et al., 1998) , with the likely corollary that it would also modulate ROS production under this condition. When transgenic tobacco plants overexpressing AOX were challenged with Tobacco mosaic virus (TMV), they developed smaller hypersensitive response lesions, indicating reduced programmed cell death (Ordog et al., 2002) , perhaps by reduced ROS production. Several abiotic stresses increase tissue ROS production and frequently result in a concomitant increase in AOX protein levels (Finnegan et al., 2004) . Whether this correlation reflects either enhanced induction of AOX synthesis through ROS signaling or the ability of the resulting AOX to reduce ROS generation, or both, remains unclear. More generally, measurements of in vivo AOX activity using the oxygen isotope fractionation technique show no consistent connection between AOX activity and stress tolerance (Gonzàlez-Meler et al., 1999 Ribas-Carbo et al., 2000) . To our knowledge, the rate of ROS production in unstressed or stressed intact plant tissues has not yet been unambiguously connected to changes in AOX levels and activity.
One approach to the study of AOX function in whole plants is to use transgenics. Plants with altered AOX levels have been produced for potato (Solanum tuberosum; Hiser et al., 1996) and tobacco (Vanlerberghe et al., 1994 (Vanlerberghe et al., , 1998 Millenaar, 2000; Gilliland et al., 2003) using the cauliflower mosaic virus (CaMV) 35S promoter and, for Arabidopsis (Arabidopsis thaliana), using a copper-inducible promoter (Potter et al., 2001) . Limited characterization of detached leaves from these transformants has been reported (Vanlerberghe et al., 1995; Potter et al., 2001) and no growth phenotypes were noted. However, a striking decrease in pollen viability occurred when an AOX anti-sense construct was used with a tapetum-specific promoter in tobacco (Kitashiba et al., 1999) . Only two studies have examined the effects of changes in AOX content on whole plants, both with respect to TMV resistance (Ordog et al., 2002; Gilliland et al., 2003) . The tobacco CaMV 35S transformants have been used almost exclusively as suspension culture cells (Vanlerberghe et al., 1997; Parsons et al., 1999; Robson and Vanlerberghe, 2002) , including the work examining ROS generation (Maxwell et al., 1999) . These studies have offered insight into AOX function at the cellular level, but they also have limitations. Cells in culture may have a metabolic poise different from that of intact plant tissue, particularly with respect to oxidative stress (Antoniw et al., 1981; Halliwell, 2003; Navarro et al., 2004) . Also, cells in culture may behave like some, but not all, plant tissue types. For example, tobacco culture cells grown at low inorganic phosphate have increased AOX protein (Parsons et al., 1999) , but tobacco leaves grown at low inorganic phosphate do not (Gonzàlez-Meler et al., 2001) .
To extend the study of AOX function to whole plants, we used Arabidopsis transformed with self-AOX (AtAOX1a) under the control of the constitutive CaMV 35S promoter. The transformations made consisted of overexpression and anti-sense silencing of AOX1a and overexpression of AOX1a mutated to prevent its biochemical inactivation (Rhoads et al., 1998) . In these transformed plants, as in cultured cells, AOX protein level did affect ROS formation when the Cyt pathway was chemically inhibited but, unlike in cultured cells, it did not affect the basal oxidative state of leaf tissue under nonlimiting growth conditions.
RESULTS AND DISCUSSION

Transformation and Selection of Lines
The Arabidopsis AOX gene family consists of five members (AOX1a-d and AOX2). AOX1a was chosen to use for transformation because it is by far the most abundant transcript in all examined tissues (Saisho et al., 1997; Thirkettle-Watts et al., 2003) and its transcript levels increase when plants are treated with the respiratory inhibitor antimycin A (Saisho et al., 1997) . Agrobacterium-mediated transformation was used to generate plants that were either overexpressing or anti-sense for AOX1a, or overexpressing a mutated AOX1a in which a regulatory Cys was changed to a Glu. This mutated form of AOX is not subject to inactivation by formation of the intersubunit disulfide bond and is highly active in the absence of a-keto acids normally required for activity by wild-type AOX (Rhoads et al., 1998) .
Transformants (T 1 ) were isolated on kanamycincontaining medium. T 2 plants were selected from T 1 seed groups exhibiting 3:1 segregation for kanamycin sensitivity. PCR with genomic DNA from leaves verified the presence of the AOX transgene (data not shown). A third round of selection on kanamycin determined homozygous individuals (T 3 ) and these and their progeny (T 4 ) were used for further characterization. During the selection process, no morphological or fertility phenotypic differences were observed for any of the transformants, similar to other cases of transformation with AOX under CaMV 35S promoter control (Vanlerberghe et al., 1994; Millenaar, 2000; Gilliland et al., 2003) .
Line Characterization
Overexpression of AOX protein was verified by immunoblots of whole-leaf extracts from soil-grown plants of selected T 3 lines (Fig. 1A) . In untransformed or empty-vector transformed leaves, no AOX protein was detectable, in contrast to a report in which AOX was detected in blots of Arabidopsis leaf extracts (Simons et al., 1999) . Variable, but considerable, amounts of AOX of the expected mature protein size (34 kD) were detected in the transformants expressing wild-type or mutated AOX (Fig. 1A) .
Due to lack of detectable AOX in leaf extracts of wild-type plants, decreased levels of AOX in antisense plants had to be verified by incubating leaf tissue with 3 mM KCN. Incubation alone was frequently sufficient to induce some AOX protein expression in control tissue (Fig. 1B , pBI lanes C), but treatment with KCN markedly enhanced the level of AOX (Fig. 1B , pBI lanes 1K). In lines considered good anti-sense lines, no AOX protein appeared under either condition (Fig. 1B , AS-12 and AS-11). One line cosuppressed in leaves, but not roots, was also identified by this method (Fig. 1A , ASE-10; data not shown), but only two out of 18 assayed potential anti-sense transformants passed this test for anti-sense suppression of AOX. Vanlerberghe et al. (1994) also reported relatively low recovery of anti-sense lines (one from 27 tested transformants), perhaps indicating that a threshold concentration for AOX is necessary for plant viability.
Plate-grown seedlings were used to examine AOX protein in roots (Fig. 2, A and B) . AOX was present at high levels in both roots and shoots of wild-type overexpressors (Fig. 2 , A [XX-2 and XX-1] and B [X-3 and X-6]). The disulfide-linked form of AOX, rarely detected in whole-tissue extracts (Millenaar and Lambers, 2003) , was evident in both roots and shoots of these seedlings (Fig. 2, A and B) . For the mutant AOX protein, while its expression levels in shoots were similar to that of wild-type overexpressors, expression in the roots was considerably less in all three characterized lines (Fig. 2, A [E-9 and E-4] and B [E-14] ). This was the only examined characteristic for which a difference between wild-type AOX and mutant AOX overexpressors was observed. The reduced protein levels may be unrelated to the mutation. However, growing root tips, where respiration rates and ATP demand are likely to be high (Bidel et al., 2000) and where AOX protein is concentrated (Hilal et al., 1997) , could represent a tissue in which AOX biochemical regulation is critical. Consistent with this possibility, more than one-half of the AOX protein in 4-d-old soybean (Glycine max) roots appeared to be in the oxidized, inactive form, whereas in older roots the oxidized form was not present (Millar et al., 1998) . Apart from this feature, the absence of differences between the wild-type AOX overexpressors and the mutant AOX overexpressors indicates that, as the weight of the literature suggests (discussed in Millenaar and Lambers, 2003) , AOX is usually in its activated state in tissue and expression of a mutated, constitutively active AOX is therefore a neutral change.
To further verify the anti-sense lines and confirm proper AOX organellar targeting, mitochondria were isolated from leaves of selected transformant lines and wild-type plants. AOX protein levels in the mitochondria mirrored levels observed in whole-leaf extracts (Fig. 3A) . The molecular masses of the transgene protein product and the native AOX are the same (Fig. 3A) , indicating correct processing of the protein in overexpressor mitochondria. Mitochondria from Figure 1 . Immunoblots of AOX in whole-leaf tissue extracts from soilgrown wild-type and transformed Arabidopsis plants. A, AOX levels in single T 3 leaves from the overexpressor lines selected for further study: XX-1, X-3, X-6, and XX-2, Overexpressors of wild-type AOX; E-14, E-4, and E-9, overexpressors of mutated AOX; ASE-10, a cosuppressed line; V2, empty-vector control; wild type, Col-0. Note different levels of expression and the absence of any detectable AOX in Col-0 or V2. Faint bands in these and other samples are the result of nonspecific binding by the secondary antibody (data not shown). B, Suppression of AOX protein production in leaves of T 2 anti-sense plants (AS-12 and AS-11) when incubated with KCN. Lanes are control leaf tissue incubated in buffer alone for 40 h (C) and leaf tissue incubated with 3 mM KCN for 40 h (1K). Two sets of leaves are shown for each line. The incubation conditions alone promoted some AOX accumulation in the vector control line (pBI, both C lanes). A and B, Molecular mass standard positions are indicated to the left. Figure 2 . Immunoblot of AOX in shoot and root tissue of T 3 plategrown transformant lines. Seeds were germinated on kanamycincontaining plates and seedlings were harvested after 2 weeks. Each lane is from a pooled sample of about 24 seedlings. Roots and shoots for each line are from the same pooled sample. A and B, Immunoblots from separate SDS-PAGE gels. Lines: pBI and V2, Vector controls; XX-2, XX-1, X-3, and X-6, overexpressors of wild-type AOX; E-9, E-4, and E-14, overexpressors of mutated AOX; AS-12 and AS-11, anti-sense for AOX. Molecular mass standard positions are indicated to the left. D and M at the right designate the disulfide-linked AOX dimer and the AOX monomer, respectively. The same levels of AOX were observed with T 4 seedlings.
anti-sense lines and the cosuppressed line (Fig. 3A) had only traces of AOX protein present. Cross-linking of overexpressed wild-type AOX with diamide ( Fig.  3B , XX-2), which oxidizes disulfide bonds, demonstrated that the intersubunit disulfide bond could be formed (Umbach and Siedow, 1993) . As expected, diamide cross-linking did not occur with the mutated AOX protein (Fig. 3B) .
The possibility existed that other AOX genes could be responsible for some portion of the AOX protein observed in the single band on immunoblots. To rule out changes in transcription of these other genes, realtime PCR was used to obtain measures of transcript levels of all five AOX genes (Table I) in leaves from soil-grown T 4 plants of selected lines. Consistent with the observed AOX protein levels (Figs. 1A and 2, A and B), AOX1a transcripts were elevated over 10-fold in the overexpressor lines XX-1, XX-2, and E-14 (Table  II) relative to control leaf tissue (Table II , wild type and pBI). All other AOX gene transcript levels in the transformants could not be distinguished from either untransformed or vector control (Table II) and were very low, consistent with previous observations (Saisho et al., 1997; Thirkettle-Watts et al., 2003) . The low expression levels (high crossing points) account for the frequent high variability between replicate measurements for these genes.
Gene-specific primers were used for the anti-sense lines at the reverse transcription step to selectively transcribe either the sense or anti-sense AOX1a messages to determine their levels. The anti-sense transcript was present at the same level in both anti-sense lines, whereas the amount of sense AOX1a was reduced to 50% in AS-12 and to 6% in AS-11, relative to wild type (Table II) . Regardless of the AOX1a transcript levels, AOX protein was essentially undetectable in mitochondria isolated from either anti-sense line (Fig. 3A) .
Respiration rates of whole-leaf tissue were measured using the inhibitors KCN and salicylhydroxamic acid (SHAM). These measurements are uninformative concerning in vivo alternative or Cyt pathway fluxes, which can only be determined using the oxygen isotope fractionation method (Robinson et al., 1995) . This technique is not yet developed to work effectively with slowly respiring tissue, such as Arabidopsis leaves. However, inhibitor-based measurements can determine whether AOX activity (respiration rate in the presence of KCN) and protein levels correlate, with AOX overexpressors having the potential for greater AOX activity and anti-sense lines having reduced AOX activity.
Total leaf respiration rates (Supplemental Table I ) were variable and no significant differences (significance at P # 0.05) were detected among the control and transformant groups. Cyt pathway capacities (measured in the presence of SHAM; data not shown) were also variable. These results are similar to observations made with transformed tobacco cell lines (Vanlerberghe et al., 1994 (Vanlerberghe et al., , 1997 . For the wild-type AOX and mutant AOX overexpressor lines, adjusted respiration rates in the presence of KCN were frequently high (Supplemental Table I , rate B-C), but were not significantly different from the control group rates. However, these lines had a distinguishing feature: Upon addition of KCN, there was an increase in the rate of O 2 uptake (Table III) . Expressed as percentage of total rate, this increase achieved significance in the case of the wild-type AOX overexpressor group relative to the control group (P 5 0.05; see Table III for groups used in analysis). A similar, smaller stimulation was observed for one set of wild-type plants (Table III , planting 2). Stimulation of O 2 uptake by antimycin A (Vanlerberghe et al., 1997) or KCN (Vanlerberghe et al., 1994) was also reported for a line of tobacco suspension culture cells that overexpressed AOX. When the potential for AOX activity is high in tissue and substrate is limited, KCN inhibition, by reducing ATP synthesis, can stimulate glycolysis leading to an increased supply of respiratory substrate and an increased respiratory rate through AOX (Atkin et al., 2002) . Adjusted rates in the presence of KCN were lowest for the two anti-sense lines and for the cosuppressed line (Supplemental Table I ), and, when analyzed collectively, were significantly different from those of the other groups (P 5 0.05, 0.03, and 0.03 for comparison with group 0, 1, and 2, respectively). These lines also exhibited significantly lower ratios of total rate to the rate in the presence of KCN (Table  III ; P 5 0.04, 0.01, and 0.02 for comparison with groups 0, 1, and 2, respectively). Overall, the respiration rates in the presence of KCN indicated increased potential for AOX activity in the overexpressor lines and, particularly, decreased activity in the anti-sense lines.
The lack of impact of AOX overexpression on total respiration rates could be due to no concomitant increase in reductant availability or, in the case of the wild-type AOX overexpressors, inactivation of a proportion of the protein by oxidation (e.g. Fig. 2 ). However, oxygen isotope fractionation analysis is needed to determine whether there was a change in proportional flux through the alternative pathway in vivo in the transformants.
Effect of AOX Protein Level on ROS Production in Whole Tissue
A primary goal of this study was to determine whether AOX could function in whole tissue to decrease ROS formation from an over-reduced mitochondrial UQ pool. An indirect measure of ROS, thiobarbituric acid reactive substances (TBARS), which are primarily lipid Wild type is untransformed Col-0; pBI is a vector-transformed control; XX-1 and X-2 are wild-type AOX overexpressors; E-14 is a mutated AOX overexpressor; AS-11 and AS-12 are anti-sense lines. Crossing points for the anti-sense lines were determined from cDNA synthesized with an AOX sense transcript-specific primer. Crossing-point averages from wild type and XX-1, using the sense-specific primer, were 22.36 (0.00) and 17.96 (0.05), respectively. peroxidation products, was used for leaf tissue, whereas for roots ROS were detected directly by confocal microscopy using 5-(and 6)-carboxy-2#7#-dichlorofluorescein diacetate (carboxy-H 2 DCFDA).
In leaves, basal levels of TBARS were similar among wild-type and overexpressor transformants (Fig. 4) . Both anti-sense lines had slightly elevated TBARS at the end of the 6-h incubation period (Fig. 4 ), but the difference was not statistically significant. Addition of 5 mM KCN to the incubation medium caused a marked increase in TBARS in untransformed tissue and increases to an even higher level in tissue of the anti-sense lines (Fig. 4) . Conversely, none of the four overexpressor lines, either of wild-type or mutant AOX, showed any increase in TBARS during KCN incubation. This is consistent with the overexpressed AOX being functional in these lines. Incubation with 5 mM SHAM and 5 mM KCN together for 6 h increased TBARS in leaf tissue even of the overexpressors, although the increase in TBARS in the presence of both inhibitors was greatest in the anti-sense lines (data not shown).
The results obtained in roots using carboxy-H 2 DCFDA mirrored those from shoots. Without KCN incubation, only background fluorescence was observed and was similar in untransformed and transformant root tips (Fig. 5, a-d) . With the addition of 1 mM KCN, increased fluorescence was visible in the untransformed, wild-type root tip and was pronounced in the anti-sense root tip (Fig. 5, e and h ). Neither wild-type nor mutant AOX overexpressors showed any increase in fluorescence following addition of KCN (Fig. 5, f and g ).
These results demonstrate that, in intact leaves and roots, as in suspension culture cells (Maxwell et al., 1999) , increased alternative pathway activity was sufficient to oxidize the highly reduced UQ pool resulting from KCN inhibition of the Cyt pathway and prevent ROS-related oxidative damage, whereas a decrease in pathway activity led to greater damage. During this short-term and specific chemical inhibition of the Cyt pathway, other ROS-dissipating mechanisms in tissues did not appear to be involved because the level of ROS formation was tied to the amount of AOX present (Figs. 4 and 5). Consequently, under short-term conditions of Cyt pathway impairment or saturation, the degree to which AOX can prevent mitochondrial ROS formation may be dependent upon how much excess alternative pathway capacity is present before the imposition of the stress.
Survey of Electron Transport Components and Oxidative Stress-Related Transcripts by Real-Time PCR
To examine how changes in AOX protein content might affect potential interacting components in the mitochondrial electron transport chain, and how the a Two replicate measurements for each line at each planting were made of the uninhibited rate and the subsequent rate established following addition of KCN (10 mM for planting 1, 2.5 mM for plantings 2 and 3). Residual O 2 uptake rates, in the presence of KCN and SHAM, were subtracted from the initial (total) rate and the rate in the presence of KCN to obtain corrected rates. Percent of total rate is the ratio of the corrected 1KCN rate to corrected initial rate.
b Group 0, Controls (Col-0 and the vector-transformed controls, V2 and pBI); group 1, wildtype AOX overexpressors (XX-1 to X-3); group 2, mutated AOX overexpressors (E-4 to E-14); group 3, anti-sense (AS-11 and AS-12) and cosuppressed (in leaves; ASE-10) lines. overall redox state of the tissue might be affected, expression levels of selected genes were analyzed in leaf tissue using real-time PCR (Table I) . To distinguish changes in transcripts due to differences in AOX protein levels from those that were transformation related, the two anti-sense lines, two AOX wild-type overexpressors (XX-1 and XX-2), and a single mutant overexpressor line (E-14) were compared with ecotype Columbia (Col-0) and a vector control line (pBI). The selected genes included a complex I 75-kD protein, a complex IV subunit (COX6b), plant uncoupling proteins (UCP) UCP1 and UCP2, several of the nonphosphorylating NAD(P)H dehydrogenases (NDC1, NDA1 and 2, NDB1, 2, and 4), and enzymes commonly associated with mitochondrial or cellular oxidative stress-Mn-superoxide dismutase (Mn-SOD), mitochondrial and cytosolic peroxiredoxins, cytosolic and organellar glutathione reductase, and organellar ascorbate peroxidase (Table I) . Transcript levels varied little. The maximum crossing-point difference among the seven genotypes was 1 (equivalent to a 2-fold change) or usually much less for all genes except two, NDB4 and organellar ascorbate peroxidase (1.43 and 1.56 crossing-point ranges, respectively). Most important, across all the genes surveyed, none of these modest changes were consistent between any of the duplicate genotypes used, and therefore we concluded that none were related to AOX protein levels.
The lack of change in transcript levels of genes representative of mitochondrial electron transport in the AOX-transformed plants, while consistent with no detectable change in total respiration rates, is in contrast to converse situations reported in the literature. Impairment of either complex I (in maize [Zea mays; Karpova et al., 2002] ; in tobacco [Sabar et al., 2000; Dutilleul et al., 2003] ) or complex IV (in maize [Karpova et al., 2002] ) led to marked AOX transcript and protein level increases. Similarly, AOX content and levels of the nonphosphorylating NAD(P)H dehydrogenases were found to be coordinated (Svensson and Rasmusson, 2001; Michalecka et al., 2004) . Thus, modification of the alternative respiratory output pathway appears to have a smaller impact at the transcriptional level on the electron transport chain than modification of either the electron input pathways or the Cyt pathway.
The other genes whose transcripts were measured, related to tolerance or survival of oxidative stress, could be functionally redundant with AOX or complement its role in tissues. Particularly, UCPs can dissipate the mitochondrial proton gradient, decreasing production of mitochondrial ROS (Kowaltowski et al., 1998; Pastore et al., 2000; Smith et al., 2004) , and UCP overexpression made tobacco leaf tissue more resistant to hydrogen peroxide oxidative stress (Brandalise et al., 2003) . In addition, while mitochondrial Mn-SOD (Kliebenstein et al., 1998) and mitochondrial peroxiredoxin II F (Horling et al., 2003) generally maintain steady levels under certain oxidative stress conditions, cytosolic peroxiredoxin II C (Horling et al., 2003) and organellar ascorbate peroxidase and glutathione reductase (Chew et al., 2003) transcript levels are known to respond to oxidative stresses. Nevertheless, none of these transcript amounts changed in any of the transformants. AOX-transformed tobacco suspension culture cells, on the other hand, did show signs of a changed oxidative status at the transcript level (Maxwell et al., 1999) . Mitochondrial Mn-SOD transcript was decreased in the AOX-overexpressing cell line, while the anti-sense cell line showed induction of several stress-related genes compared to wild type. The difference in response at the transcript level between cells and leaves may reflect differences between a green tissue and a heterotrophic one, may result from cells in culture existing at a different redox set point with respect to stress, or may be due to cells lacking the larger physiological flexibility of tissues in an intact plant.
Transcriptome Comparison between Wild-Type and Anti-Sense Leaves
Because the PCR measurements showed no AOXrelated changes in any of the selected gene transcript levels, a microarray experiment was carried out to examine more broadly where in the transcriptome changes in gene expression might have taken place. The Affymetrix full-genome ATH1 array was used to compare the anti-sense line AS-12 with untransformed Col-0 under nonlimiting growth conditions. Transcript levels varied significantly for 203 genes (Supplemental Table II ). Of these, 118 transcripts increased in AS-12, with all but one (2.23-fold) having increases of 1.5-fold or less. Eighty-five transcripts decreased, with generally larger fold changes: 10 decreased to between 64% and 50% of wild-type levels (equivalent to a 1.5-to 2.0-fold change) and 13 decreased from 50% to 31% of wild type (equivalent to 2.0-fold or more). AOX1a transcript was at 33% of the wild-type level (Table IV) in this experiment, comparable with the 50% level measured for this line by real-time PCR (Table II) . About 20% of the 203 genes were classified as being involved in transcription or signal transduction, and about 25% were expressed or genes with unknown function (The Arabidopsis Information Resource [TAIR] analysis, biological process; Affymetrix annotation).
All genes predicted to encode mitochondrial components whose transcript levels changed are listed in Table IV . In keeping with the real-time PCR results, no electron transport components or oxidative stressrelated genes showed altered transcript levels. In addition, no members of the TCA cycle were affected. A gene for a putative protein import-related protein had the largest transcript decrease in the group (apart from AOX1a; Table IV ). Changes in mitochondrial import characteristics occur following stress (Taylor et al., 2003) and this transcript change could alter mitochondrial protein composition posttranslationally. The upregulated putative carboxy-terminal peptidase could also affect mitochondrial protein composition, and the up-regulated permease and substrate carrier protein could moderate enzyme substrate or cofactor availability (Table IV) .
Only 14 potential stress-related genes showed transcript level changes (Table V) . None are mitochondrial components. Eight are typically associated with response to pathogens or herbivores (At4g31470, At1g65690, At2g02100, At2g27080, At3g28910, At3g51660, At5g44420, and At5g50200) and all but one of these (At4g31470) exhibited down-regulation. Only three genes were directly related to oxidative stress: two glutaredoxin family proteins and APX1 (Table V) . Of these, the glutaredoxin family protein, At5g58530, is predicted to be chloroplastic, and APX1, although cytoplasmic, has been found to be essential for protection of chloroplasts from ROS originating from photosynthesis (Davletova et al., 2005) . Thus, consistent with the real-time PCR results, there is little evidence of oxidative stress being chronically sustained by the anti-sense plants and, if any, the stress appears to be focused on chloroplasts rather than mitochondria.
Consideration of genes beyond those associated directly with stresses or mitochondria suggested that a decrease in the amount of active AOX resulted in subtle modifications of carbon metabolism (Table VI) . For chloroplast-related genes (31 affected; Supplemental Table II) , transcripts for eight genes associated with the photosynthetic light reactions were affected (Table VI) . Increases in the transcript for b-carotene hydroxylase 2, which catalyzes protective zeaxanthin synthesis (Table VI) , and for transcripts of two enzymes involved in chlorophyll turnover (chlorophyllase [Benedetti and Arruda, 2002] ; possible protochlorophyllide reductase; Table VI), occurred. These changes, together with the two chloroplast stress-related genes discussed above (Table V) , suggest the existence of some pressure on the light-harvesting apparatus. No transcripts associated with the dark reactions changed, although downregulation of a gene for a thioredoxin family protein (Table VI) could have a regulatory effect on Calvin cycle enzymes. Another group of changed transcripts occurred for enzymes functioning at the point of sugar partitioning into glycolysis and the pentose phosphate pathway (PPP). Two of these, identified as trehalose-6-P (T6P) synthases, decreased to 64% and 51% of wild-type levels (ATTPS8, ATTPS11; Table VI ). T6P has been identified as a critical regulator of sugar flux through glycolysis and, consequently, of carbohydrate metabolism (Eastmond and Graham, 2003; Schluepmann et al., 2003) . Although ATTPS8 and ATTPS11 may be noncatalytic, they may play a role in the formation of a T6P synthase complex by analogy with yeast (Saccharomyces cerevisiae; Eastmond and Graham, 2003) and thus regulate synthase activity. Consistent with altered sugar flux, transcripts for a hexokinase and a probable 6-phosphogluconolactonase, an enzyme in the oxidizing arm of the PPP (Kruger and von Schaewen, 2003) , both increased in a manner suggestive of greater partitioning of carbohydrate to the PPP (Table VI) .
Galactose is a component of the oligosaccharide raffinose, which, together with Suc, is exported by Arabidopsis source leaves (Haritatos et al., 2000) . A number of transcript changes suggest that the anti-sense plants shifted to greater raffinose export. In addition to two b-galactosidases, transcripts of galactinol synthase, which catalyzes the committed step in raffinose synthesis (Table VI , sequence identical to AtGol1; Taji et al., 2002) , increased. Conversely, UDP-Gal 4-epimerase transcripts decreased (Table VI) . This enzyme converts UDP-Gal to UDP-Glc and decreasing its activity could promote a greater flux of Gal into raffinose. Consistent with reduced Suc transport, which occurs primarily via apoplastic mechanisms (Haritatos et al., 2000) , transcripts of two sugar transporters decreased while transcripts of a possible invertase inhibitor increased (Table VI) . Raffinose transport can take a primarily symplastic path through plasmodesmata (Haritatos et al., 2000) and a number of the transcripts differing between anti-sense and wild type may reflect the altered cell wall properties needed to accommodate this process (listed in Table VII) .
Additional transcript level changes were associated with events near end points of carbon metabolism. ALDH2C4 (Table VI) catalyzes the last step in ferulic and sinapic acid synthesis (Nair et al., 2004 ) and the three UDP-glucosyltransferase family proteins (Table  VI) belong to glycosyltransferase family 1, enzymes that use a variety of substrates including sinapate (they can also be involved in anthocyanin synthesis; http://afmb.cnrs-mrs.fr/CAZY). These changes could lower the concentration of free phenylpropanoids, possibly affecting cell wall composition. Last, the two 2-oxoglutarate-dependent dioxygenases whose transcripts increased (Table VI) catalyze the final steps in biosynthesis of glucosinolates, the largest group of secondary metabolites in Arabidopsis (Kliebenstein et al., 2001) . All the detected transcript changes were relatively small, in agreement with a transcriptome analysis of mutants in the phenylpropanoid pathway, where the reported changes were all under 4-fold, with most under 3-fold (Rohde et al., 2004) , suggesting that plants perturbed metabolically (versus by mutations in signal transduction or following acute environmental challenges) undergo small, but pervasive, adjustments. Although speculation concerning individual genes has to be limited until additional lines are analyzed, our results do point to AOX having clear effects on metabolism outside the mitochondrion. Changes in the chloroplast-related transcripts, in particular, are consistent with the growing body of evidence that mitochondrial function is necessary for chloroplast function (e.g. Cardol et al., 2003; Fernie et al., 2004) . AOX has been linked to the use of excess reductant arising specifically from the light reactions of photosynthesis (in addition to that generated during photorespiration; Padmasree and Raghavendra, 1999; Raghavendra and Padmasree, 2003; Fernie et al., 2004) . The changes in the light reaction-associated gene transcript levels are consistent with this role as is the apparent increase in raffinose transport, a process correlated with higher light levels (Haritatos et al., 2000) .
SUMMARY
Transformation of Arabidopsis produced stable lines with altered levels of functional AOX protein that did affect KCN-stimulated mitochondrial ROS production in leaves and roots. However, there was little evidence of transformation effects on mitochondrial electron transport components or the oxidative state of the tissue as assessed by transcript levels of selected genes. In contrast, AOX-transformed tobacco cultured cells showed evidence of changes in oxidative state at the transcript level (Maxwell et al., 1999) . The different transcriptional responses of leaves and cultured cells indicate that effects of altered AOX levels need to be examined in intact tissues to achieve a better understanding of AOX function and its interaction with other metabolic systems in whole plants.
Despite the stability of the transcripts that were examined by real-time PCR, the microarray results from a comparison of wild-type and AOX anti-sense plants showed that transcriptome changes did occur to maintain homeostasis in the anti-sense plants. These changes were largely chloroplast and carbohydrate metabolism related, suggesting that alterations in alternative pathway activity can have effects well upstream of the mitochondrial electron transport chain, and that AOX function in whole plants has repercussions beyond moderating ROS generated at the mitochondrial UQ pool (Palmer, 1976; Fernie et al., 2004) .
Although transcriptional analysis demonstrated that leaves and cultured cells differ, it gives an incomplete picture of the physiological status because it cannot account for posttranscriptional and posttranslational regulation of protein amount and activity (Gibon et al., 2004) . For example, while preliminary results from blue native-PAGE studies are in agreement with our transcript data, showing no major differences in respiratory protein complex amounts among the different types of transformants, gel quantification suggests that some small differences may be present (M. Kolber and A. Umbach, personal communication), which, if confirmed, could have metabolic consequences not revealed at the transcript level. As a further example, AOX anti-sense tobacco cultured cells have reduced mitochondrial NADP 1 -isocitrate dehydrogenase protein and activity levels relative to those of wild-type cells, yet the transcript level for this enzyme is unchanged (Gray et al., 2004) . Such posttranscriptional differences would be missed in a transcriptional analysis but could affect considerably cell oxidative status because NADPH is required for ROS detoxification via glutathione and ascorbate in mitochondria (Møller, 2001) . A variety of such potentially deleterious and corresponding compensatory posttranscriptional changes related to oxidative status or to other metabolic systems is presumably present in the Arabidopsis transformants. These, added to the measured transcriptional changes, result in a normal morphology and oxidative status under standard growth conditions. Consequently, we screened for phenotypic differences among the transformants under stress conditions, in part because of the proposed role of AOX in stress tolerance and in part because limiting growth conditions might cause the plant's ability to maintain homeostasis in the face of changed AOX protein level to be exceeded, revealing a phenotypic effect. Stressful treatments, such as growth for 3 d at 32°C or on 100 mM NaCl, when applied to seedlings grown in plates on agar-based medium, did not produce root or shoot phenotypes unique to any particular transformant type. However, when plants were grown in soil under a high-light and low-temperature regime approximating field conditions, a phenotypic effect of AOX expression level was revealed, as described in the accompanying paper (Fiorani et al., 2005) . 
MATERIALS AND METHODS
Plant Growth Conditions
Generation and Identification of Transformants
The full-length cDNA clone of Arabidopsis Col-0 AOX1a in the expressed sequence tag (EST) clone pZL1:127M17 was used. The Glu mutation at C127 in the translated cDNA sequence was made using the QuikChange site-directed mutagenesis kit (Stratagene Cloning Systems), according to the manufacturer's instructions with the primers 5#-GGTTCTGAATGGAAGTGGAAC-GAATTCAGGCCATGGG (forward) and 5#-CCCATGGCCTGAATTCGTTC-CACTTCCATTCAGAACC (reverse), where the mutagenic codon is underlined. Presence of the mutation was checked by the appearance of a new EcoRI site and confirmed by sequencing the entire cDNA, which also showed no nonspecific mutations. The plasmid with the mutated AOX1a is termed pZL1:127M17:C127E.
The plant expression vector pBI1.4t (Mindrinos et al., 1994) was used for transformation with AOX1a under the control of the CaMV 35S promoter. For sense constructs of the wild-type and mutated AOX1a, pBI1.4t, pZL1:127M17 and pZL1:127M17:C127E were digested with SalI and BamHI. The cDNA inserts were recovered and ligated into the digested pBI1.4t. For the anti-sense construct, pBI1.4t and pZL1:127M17 were digested with SacI and SalI, respectively, blunt ended with Klenow fragment, then digested with BamHI. pBI1.4t was further treated with calf alkaline phosphatase. The cDNA insert released from pZL1:127M17 was recovered and ligated into the digested pBI1.4t. All the ligated plasmids were introduced into XL1-Blue Escherichia coli and reisolated to confirm successful ligation and to yield sufficient plasmid DNA for Agrobacterium tumefaciens transformation by electroporation.
Plant transformation with Agrobacterium was by the floral-dip method (Clough and Bent, 1998) . Transformants (T 1 ) were selected on kanamycincontaining medium.
PCR for Identification of Transformants
To verify cDNA insertion in the plant genome, PCR analysis was performed on genomic DNA isolated from leaves of putative transformants. Forward and reverse primers were AOX.for (5#-GATGATAACTCGCGGTG-GAGCCAA) and AOX.rev (5#-GCCGAATCCAAGTATGGCTTAAGC), which are specific for the AOX1a sequence, and CMV.for (5#-CGAAAGGCTCAGTC-GAAAGACTGG) and NOS.rev (5#-GACACCGCGCGCGATAATTTATCC), which are specific for the vector sequence. The AOX1a cDNA PCR product had a lower M r than the product of the native genomic AOX1a. The vectorspecific primers verified empty-vector control lines while AOX.rev and NOS.rev detected anti-sense cDNA orientation. Amplification was by standard methods. PCR products were visualized on agarose gels with ethidium bromide staining.
Immunoblotting of Whole Tissue and Isolated Mitochondria
Leaves or roots were rapidly harvested, weighed, and frozen in liquid N 2 . The frozen tissue was ground to a powder and double-strength SDS-PAGE sample buffer, with reductant omitted, was added (300 mL to 0.1 g tissue). Samples were boiled for 5 min and centrifuged at 14,000g for 10 min. Thirty microliters of supernatant were loaded on and separated by a Laemmli-type 10% to 13% gradient SDS-PAGE gel. Proteins from the gel were subsequently blotted onto nitrocellulose by standard methods. To probe for AOX, the blot was blocked in Tris-buffered saline plus Tween (TBST; 10 mM Tris, 120 mM NaCl, 5% Tween) with 25 g/L nonfat dry milk, rinsed in distilled water, and then incubated for 1.5 h with AOA antibody (Elthon et al., 1989) in antibody buffer (TBST with 1% bovine serum albumin) at a dilution of 1:400. The blot was extensively washed with blocking buffer, rinsed with water, and then incubated with horseradish peroxidase-conjugated anti-mouse antibody (Pierce or Santa Cruz Biotechnology) at 1:25,000 in antibody buffer for 45 min to 1 h. Following additional blocking buffer and water rinses, the blot was saturated with SuperSignal West Dura (Pierce) luminol reagent and exposed to film.
For identification of anti-sense lines, two leaves from a plant were divided down their midribs. Two halves, one from each leaf, were incubated in buffer in dim light; the remaining halves were incubated with 3 mM KCN for 40 h. At the end of the incubation period, the leaves were collected and subjected to SDS-PAGE and immunoblotting as described.
For immunoblots of isolated mitochondria (see below), 20 mg mitochondrial protein were used per gel lane. Gel and protein transfer conditions were the same as for whole tissue samples. Mitochondrial protein immunoblots were probed for AOX as described above, except that the AOA antibody was used at a dilution of 1:1,000 and the incubation time was extended to 2.5 h with AOA and to 1.5 h with the secondary antibody.
Isolation of Mitochondria and AOX Cross-Linking by Diamide
Mitochondria were isolated from 4-to 5-week-old prebolting rosette leaves. A scaled-down version of the continuous Percoll gradient procedure (Day et al., 1985; Umbach and Siedow, 1993) was used. Briefly, 1.3 to 1.5 g fresh leaf tissue were homogenized with a mortar and pestle in 10 mL of grinding buffer, filtered through four layers of cheesecloth, and centrifuged until 3,000g was reached. The resulting supernatant was centrifuged at 27,000g for 10 min. The pellets were resuspended in 1 mL wash buffer and layered on 8.5-mL continuous Percoll gradients. These were centrifuged at 27,000g for 30 min. The mitochondrial layer toward the bottom of the gradient was collected, diluted with wash buffer, and centrifuged for 10 min at 27,000g. This wash step was repeated up to four times. The final pellet was resuspended in wash buffer from which bovine serum albumin was omitted. Mitochondrial protein was assayed by the method of Lowry et al. (1951) .
The isolated mitochondria were first treated with 20 mM dithiothreitol (DTT) for 1 h on ice to reduce any disulfide-linked AOX dimers, then pelleted by centrifugation and washed twice with wash buffer. Mitochondrial samples were prepared for SDS-PAGE by adding double-strength sample buffer and boiling for 5 min. Other samples were treated with 3 mM diamide on ice for 30 min before addition of sample buffer and boiling.
Leaf Respiration Measurements
Leaves were harvested from rosettes in the fourth week, sliced into approximately 1-mm strips to yield between 70 and 80 mg, placed at once in assay buffer (15 mM TES, 0.2 mM CaCl 2 , pH 7.0), and incubated in the dark for 10 min to allow wound respiration to subside. Oxygen uptake was then monitored using a Hansatech oxygen electrode with 4.0 mL of fresh assay buffer and a black cloth cover to block out light. Additions made to the assays were 2.5 or 10 mM KCN to inhibit the Cyt pathway and 15 mM SHAM to inhibit the alternative pathway. The concentrations of KCN and SHAM to be used for complete inhibition were determined by titration experiments. Initial titrations indicated 10 mM KCN was needed for complete Cyt pathway inhibition, but, subsequently, 2.5 mM was determined to be sufficient. About 10 min were required for a steady rate to develop.
We analyzed log 2 -transformed values of both respiration rates and percent of total rates using mixed-model ANOVA techniques (SAS PROC MIXED; SAS Institute). The logarithmic transformation was used to better meet needed assumptions. For the mixed model, we regarded ''group'' as a fixed effect and included random effects for ''planting'', ''line'', interaction terms involving those effects, and ''replicate''. The reported estimated group means are derived from the analysis (SAS least-squares means) of the log 2 -transformed data via the inverse transformation.
TBARS Measurements
TBARS were measured according to Hodges et al. (1999) and Taylor et al. (2002) . One-hundred milligrams of intact, fully expanded leaves were harvested from 3-week-old plants and incubated for 6 h at 23°C and at 80 mmol photons m 22 s 22 PAR in 20 mL of 15 mM TES buffer, pH 7 (control), or in the same buffer containing either 5 mM KCN or both 5 mM KCN and 5 mM SHAM. After incubation, leaves were blotted on filter paper, ground in a mortar with sand in 2.5 mL of 80% ethanol, and centrifuged at 3,000g for 10 min. The supernatant was divided into two aliquots of equal volume (typically 1 mL). One aliquot was incubated for 20 min at 95°C with an equal volume of a 20% TCA (w/v) solution including 0.01% (w/v) butylated hydroxytoluene and 0.65% thiobarbituric acid (w/v). The other aliquot was treated in the same way, but thiobarbituric acid was omitted from the TCA solution for assessment of nonspecific absorption. Samples were subsequently cooled on ice for 5 min and centrifuged at 3,000g for 10 min. The absorbance of the supernatant was measured at 532 nm, and at 440 and 600 nm (for correction for anthocyanin and sugar absorbance, respectively). TBARS levels were calculated according to Hodges et al. (1999) using the extinction coefficient for malondialdehyde at 532 nm (0.157 mol L 21 ). Values were assessed for differences among the lines using one-way ANOVA with P , 0.05 required for significance.
Detection of ROS in Roots
Seeds of wild-type Col-0, XX-2, E-9 (AOX1a wild-type and mutant overexpressors), and AS-12 (AOX1a anti-sense) transformed genotypes were surface sterilized and grown in plates on 50-mL Murashige and Skoog medium containing 1% (w/v) Suc. Five days after germination, the primary roots of four seedlings of each line were excised and placed in 5 mL of 15 mM TES buffer, pH 7, in the dark at 23°C and shaken gently for 30 min to allow recovery. Subsequently, the buffer was replaced and KCN (freshly prepared water stock solution, stabilized with 5N HCl) was added to a final concentration of 1 mM. Control samples were treated in the same way without the addition of KCN. To evaluate ROS formation, after 10 min roots were rinsed in fresh buffer and incubated for 10 min in TES buffer containing 10 mM carboxy-H 2 DCFDA (Molecular Probes). Carboxy-H 2 DCFDA permeates membranes and is retained by cells after cleavage of the acetate moiety by cellular esterases. Fluorescence develops upon oxidation of the dye by hydrogen peroxide, peroxyl radical, and also peroxynitrite anion (Tarpey and Fridovich, 2001) . Stock solutions of the dye were prepared in dimethyl sulfoxide and kept in the dark at 280°C. Before microscopy, samples were briefly rinsed in TES buffer to remove the dye that had not penetrated into the tissue. Roots were imaged by a Zeiss LSM410 confocal microscope outfitted with Kr-Ar, He-Ne, and UV lasers, using a 20 3 Zeiss plan-Neofluar with 0.50 numerical aperture objective and optical filters set to a maximum absorption wavelength of 488 nm and maximum emission wavelength of 530 nm. Images of optical sections corresponding to the root cortex were acquired digitally 30 s after excitation for all roots. The experiment was repeated twice (n 5 8 for each genotype) with similar results.
Semiquantitative Real-Time PCR
Transcript levels of selected genes were assessed in leaves from mature plants that were not yet bolting (4 weeks from planting). The RNeasy plant mini kit (Qiagen), with on-column DNase treatment (Qiagen), was used to isolate RNA, according to the manufacturer's instructions. cDNA was synthesized from 2 mg RNA per reaction using SuperScript II RNase H 2 reverse transcriptase (Invitrogen) with oligo(dTs) as primers. For gene-specific cDNA synthesis, the following primers were used: 5#-TAAGCTATTCTAT-CAAGA (sense AOX1a), 5#-CATCACTTATAGTCTACG (AOX1a anti-sense), and 5#-CATACATTCTTCAGATAC for the Mn-SOD transcript that was included in reactions as a control. Following synthesis, the cDNA was diluted with water at 1:20 for use in subsequent steps. Real-time PCR was performed with a Roche LightCycler (Roche Applied Science). Primers (Table I) were developed using the software LightCycler probe design, version 1.0. Most primer pairs were constructed to span intron-exon junctions. Genomic DNA contamination was detectable only for the NDB4 primer pair; NDB4 was a very low-abundance transcript. Each primer pair was assessed for efficiency, 1.5 to 2.1 being the manufacturer's recommended range, using a five-point dilution series of cDNA. Most primer pairs had efficiencies of 1.9 or greater. Five had efficiencies of 1.7 or greater. For three genes (AOX1d, AOX2, and NDB4), transcript levels were too dilute to accurately assess efficiency. For all reactions, the QuantiTect SYBR Green PCR kit (Qiagen) was used with a scaled-down volume of 10 mL. Cycle conditions were denaturation for 15 min at 95°C; 50 amplification cycles of melting at 95°C for 15 s, annealing at 55°C for 25 s, followed by extension at 72°C for 30 s; final melting from 65°C to 95°C followed by cooling to 35°C. The final melting cycle generated a curve whose analysis helped to rule out the presence of spurious products. Reactions for each transformant line or wild type were set up in duplicate for the gene of interest and for ubiquitin in each LightCycler run, and all genotypes were included in each run. All PCR product-expected sizes were verified on agarose gels. Data were evaluated based on crossing points determined by the LightCycler software (version 3.5). Crossing point is the amplification cycle number at which the rate of change in the rate of increase of fluorescent product formation (second derivative) is maximal. Ubiquitin 5, the housekeeping gene standard, gave highly repeatable crossing points run to run and its transcripts were at comparable levels in all the lines.
Microarray Experiment
A transcriptome comparison using the full Arabidopsis nuclear genome Affymetrix GeneChip ATH1 array (catalog no. 900385; www.affymetrix.com) was made between anti-sense (AS-12) and untransformed Col-0 Arabidopsis plants grown in the Duke Phytotron. Growth temperature was 23°C, light level was 350 mmol photons m 22 s 21 PAR with a 14-h photoperiod, and soilless potting mix, without addition of fertilizer, was used. Two bioreplicates were sampled for a total of four microarray chips-Col-0 and AS-12 leaf tissue from a first planting and from a second planting made 1 week later. At 21 d after seed sowing, leaves from the third or fourth pair were collected between 11:30 AM and noon. For each array, RNA was extracted (RNeasy plant mini kit; Qiagen.) and pooled from seven to nine individuals. Subsequent cDNA synthesis and labeled cRNA synthesis were conducted according to procedures described in the Affymetrix online literature with Affymetrix components. Arrays and cRNA were submitted to the Duke Microarray Core Facility for hybridization, signal intensity data collection, and analysis of GeneChip internal control genes using Affymetrix protocols and MicroArray Suite, version 5.0. The Affymetrix software-derived dataset from this experiment has been deposited with Gene Expression Omnibus (accession no. [series entry] GSE2406). To distinguish differences in transcript levels, a two-step mixedmodel ANOVA procedure (Wolfinger et al., 2001 ; see discussion in Watkinson et al., 2003) adapted specifically for Affymetrix arrays (Chu et al., 2002) was used that allows determination of meaningful changes in gene expression based on statistical significance rather than using cutoff values of expression level fold changes. Data from the Affymetrix software .CEL files (signal intensity for each probe cell) for each array were log 2 -transformed, and then, in the first ANOVA step of the mixed model, were scaled and normalized to each other. In the second ANOVA step, the normalized data were used for assessing statistically significant differences in individual gene transcript levels between AS-12 and Col-0. A false discovery rate parameter, called the q value (Storey, 2003) , was calculated to correct for the multitesting problem and to determine differentially expressed genes. A q-value cutoff of 0.05 was chosen to maximize the likelihood of finding informative gene groups, yet minimize the probability of incorrect selections. Operationally, this means that, of 100 transcripts identified at that significance level, five are expected to be incorrect. Identified genes with q , 0.05 were further evaluated using Affymetrix notation (Liu et al., 2003) and tools available at TAIR, including AraCyc (http://arabidopsis.org). Reported fold changes are derived from the differences between the least-squares means obtained in the second ANOVA step of the analysis.
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